and R , , and charges Zx and Zy, respectively, then as the magnitude of the vector p that connects their centers of mass goes to infinity, while ( R . ( and ( Ry I remain finite, the wave function of the nucleus A can be written in terms of the asymptotic normalization constants, CF , as follows:
where J is the total angular momentum of A.
The superscript C indicates the presence of the Coulomb interaction between the fragments; W-,,l+l12 is a Whittaker function, which when divided by p is normalized to unity by NW for I = 0 after d3p integration. ~$ ( p^) = ( -i)' Ylm(p^); while 9 and $ represent the internal wave functions of X and y. The Coulomb parameter
ZxZyt'zyff
where a is the fine structure constant and the binding energy of X and y within A is given by B = (pC)2/2pxy. The reduced mass of the X-y system is pZy. We have purposedly limited l to the values 0 and 2, i.e., S-and D-wave asymptotic normalization constants, because the A = 3-6 nuclei all have positive parity and J = 0, 1/2, or 1, thus limiting 1 t o 0 or 2. If one of the fragments is not charged, then C? --+ Cl, pc--tP, and where hjl)(ipp) is a spherical Hankel function of the first kind.
Physically, an asymptotic normalization constant is a dimensionless quantity that echoes the internal dynamics present in the wave function through overall normalization. Asymptotic normalization constants are defined such that the S-wave asymptotic norm is unity when the effective nuclear interaction in the asymptotic channel of interest is an S-wave zero-range interaction independent of the presence of the Coulomb interaction. The scale is set by the normalized, S-wave, zero-range comparison functions, i.e., the quantities in Eq. (3) with I = 0. Since the zero-range limit is never achieved, owing to the boundary condition on the wave function at the origin, asymptotic normalization constants differ from unity. Though the individual l-wave asymptotic normalization constants have intrinsic interest, the ratio of the D-wave t o S-wave asymptotic normalization constants is the predominant quantity used to quantify the D-state presence.
Closely allied with the asymptotic normalization constants are the DWBA parameters Dl 1121. In transfer or pickup reactions, e.g., (d,a) , analyzed as a single-step process in DWBA, the key quantity that enters with respect to the projectile vertex is the overlap where Ul(p) is the l-th wave effective X-y wave function in A and lim Ul(p) +-C? NW W -K , ' + 1/2(2pCp) P-+= P = Cl I' + 2 g hll)(ipp)
rr=o
The A + X + y momentum distribution amplitude is obtained from the Fourier transform of the overlap in Eq. (4). The momentum distribution amplitude has exactly the same form as in Eq. (4) except that p on the left-hand side is replace by q, where q is the relative momentum of the X-y pair in A, and on the right-hand side, p is replaced by q, the i1 is not present, and Ul(p) is replaced by the partial-wave momentum distribution amplitude f '(q) defined as follows:
In terms of the fl(q), with or without the Coulomb interaction present between X and y, Cl = i' 2 r i p'/' lim (q -ip) f '(q) , Q-'*@ and (Simply add a superscript C to C,, p, Do, and D2 when both X and y are charged.) In equation (g), we adopt the definition for D2 originally adopted by Johnson and Santos 1121 . Within this convention, r) and D2 have the same sign. Unlike the DWBA parameters, which can be extracted from the momentum distribution amplitudes a t q = 0, the C, and g require analytic continuation of q to the bound-state pole of fl(q). However, to the extent that the asymptotic forms of Eq. (5) can be used to determine the fl(q) in ratio, where F(K) is a ratio of hypergeometric functions 1131. The applicability of Eqs. (11) must be checked for each case. For the deuteron, Eq. (11) holds to 1% or better /14,9/.
3 -'S-SHELL' NUCLEI 2~:
Two observables associated with the structure of the deuteron give clear evidence of the tensor interaction between two nucleons and of the existence of a D-state component in the deuteron wave function: Qd, the deuteron quadrupole moment, and qd (or D2). Amado /3/ and Friar /4/ have pointed out that, unlike Qd and qd, the percentage D-state, pD('H), in the deuteron wave function is not an observable. The nonzero values of Qd and qd assure that P~(~H ) is nonzero, but neither constrains its value. Both Qd and q depend primarily on the part of the deuteron wave function that is external to the range of the nuclear interaction. PD('H), being a normalization integral, depends on the whole wave function --interior and exterior parts. By investigating the singularities of amplitudes, Amado shows that determination of the interior part of a wave function requires a dynamical model. Within a given model, P~ (~H ) has a fixed value, but a different dynamical model fitted to the same empirical data will generally yield a different value of P~( ' H ) . Equivalently, Friar used the fact that unitary transformations applied to operators and wave functions leave observables unaltered. By that approach, he showed that pD('H) depends on the unitary transformation. Nevertheless, pD('H) can serve as a parameter that characterizes a particular two-nucleon interaction.
By now, the nature of Qd and qd is well explicated /5/. Qd and qd can be understood in terms of the two-nucleon tensor interaction, specifically, the OPE piece of the tensor interaction, to an accuracy of a few percent. By means of the Schwartz inequality, it is possible to exploit the tight theoretical association between qd and the OPE potential to place rather narrow bounds on the value of qd, specifically, 0.0268 i 0.0007 1151. Moreover, by means of an exact integral relation that relates qd directly to the two-nucleon tensor interaction and the S-wave component of the deuteron wave function, Ericson and Rosa-Clot /5/ have shown that, with consideration of corrections to the OPE approximation to the tensor interaction and point nucleons, qd = 0.0259 f 0.0003. The error on this latter value was indicated as coming mainly from the value for the nN coupling constant, but the size of this quoted error has been questioned 115-181. Looking at 27r corrections to the OPE approximation, Ericson and Rosa-Clot find that the OPE result is lowered by 4%. In the Ericson/Rosa-Clot analysis, the binding energy of ' H is kept fixed while the sensitivity of qd to changes of parameters in the interaction and the S-wave component of the wave function was estimated. One learns that there is a strong dependence of gd on the nN coupling constant. In fact, for that reason, one must be careful in discussing the values of gd from potential models to assure that the aN coupling constant is the same in all cases. Based on the various local, energy-independent potential models of the tw* nucleon interaction, consistent with the experimental effective range and OPE, Ericson and Rosa-Clot propose that there is a linear relationship between Qd/c; and ?jd that can be tested with a higher precision determination of 7 . 1~. This is done by keeping the ?rN coupling constant, the pion mass, and the ' H binding energy fixed. Since the H blnding energy is determined by the interaction, the three parameters of the potential are related to each other. The three parameters are the two cutoff parameters of the central and tensor components of the interaction and another parameter, 6, multiplying the contribution to the central potential that becomes the OPE contact interaction when the central cutoff parameter approaches m. The cutoffs are introduced by simply multiplying the ?rN coupling constant by an 'effective' monopole form factor. So, as their cutoffs approach m, they recover the standard OPE potential. Within this framework, they find that the ratio r,/Co is remarkably stable under changes in the inner parts of the potential, i.e., there is a very strong linear correlation between these two quantities. This has been noted previously and has been used to determine C , , from r , /21,17/. For qd, there is a dependence on the inner parts of the potential at the few percent level. At the worst, it is 5 5%. In fact, if the central potential cutoff value is maintained within a more conservative range, the variation induced How does the latter ratio and qd actually correlate? Once the central cutoff parameter is 2 1200 MeV, all curves that vary with 5 merge into a single straight line. This line is universal. Since it is independent of the central cutoff parameter and 6, the relationship of the the three potential parameters means it is independent of the tensor cutoff parameter as well. The universal line derives from the joint action of the tails of both central and tensor potentials. How does qd depend on the tensor cutoff parameter? There is a universal curve when the central cutoff parameter is not too small, i.e., the central potential already possesses the OPE potential tail. Thus, the curve depends on the OPE potential tail, but not its internal structure. However, the fact that it is a curve indicates a de~endence of Q on the non-OPE potential structure of the tensor ~otential. Therefore, in principle, the tensor cutoff parameter can be constrained by an experimental value for qd.
On a more speculative level, it has been shown by Guichon and Miller 1231 that the reduction of the deuteron D-state by loss of pion exchange within the cutoff radius can be compensated partially by tensor interactions generated by constituent quarks and gluons. Within the context of a properly antisymmetrized 6-quark bag model, they have been able to show that larger cutoff radii are not ruled out, i.e., qd does not get as drastically reduced as in the case of the Ericson/Rosa-Clot analysis 151. In the Guichon-Miller model, a cutoff radius of 0.8 fm leads to a reduction in qd of only about 1% compared to the case of point nucleons cited above.
Finally, one must remember that it is possible that other components in the deuteron wave function play a role in the prediction of the value for qd. For example, it is possible to have AA or N* components in the deuteron wave function. Phenomenological models of the nucleon-nucleon (NN) interaction that include these latter channels lead to deuteron wave functions that generate values for qd that are somewhat smaller than those obtained from standard NN interactions 124,251. Such models that fit the usual static properties of the deuteron lead to values for qd in the range 0.0251 to 0.0258. Clearly, the role of A and N* components in the deuteron wave function, or equivalently, the whole question of the role of nucleon internal degrees of freedom in calculating the observables associated with the deuteron, requires further and thorough study. The authors argue that they have a partial understanding of the difference in that they have recalibrated their polarimeter, which leads to a 1.2% change in the normalization of Tzo a t the common energy of 7 MeV, and they require the tensor interaction in the distorting potential for the deuteron to be consistent with the elastic scattering measurements, which leads to a 0.6% change towards the new value. The DWBA calculation is full finite-range with the above tensor interaction, a long-range tensor potential to account for the interaction of the deuteron quadrupole moment with the electric-field gradient of the target nucleus, and a long-range potential that accounts for the polarization of the deuteron in the Coulomb field of the target nucleus with appropriate modification of the deuteron wave function. Since the incident energies are in the subCoulomb regime, the distortion mainly is from the Coulomb interaction. Within this framework, and with the Reid Soft Core (RSC) 1301 wave function serving as the deuteron wave function (vd = 0.0263), ten statistically independent values of qd are extracted. A weighted average of the values extracted from each of the ten angular distributions leads to the above result. Considerable effort is put into assessing the systematic errors. However, it would be interesting to know the sensitivity of the result to the use of the RSC wave function as opposed to the Paris 1311 or Bonn 1321 wave functions.
The second value quoted above is extracted from work by Borbkly & al. 1271 where they give a detailed justification for the analytic continuation of empirical polarization observables and respond to their critics. They acknowledge that the criticism of the analytic continuation of the observables in ' H (~,~) ' H is justified and that this particular case requires further work. However, they argue that similar criticism 1331 carried over to the polarization observables in ' H (~,~)~H is not justified. Specifically, they address the issues of 1.) Incorrect handling of the Coulomb renormalization at the vertices; 2.) Large truncation errors in extrapolating the fitting function; and 3.) Unreliable results caused by the cut (Coulomb) beginning at the nucleon-exchange singularity. The key aspect of their approach is that the cross section for the above reaction is dominated by the two possible exchange peaks: neutron exchange or proton exchange. Then, by looking at the pole diagrams that describe these exchanges, they argue that the tensor analyzing powers (TAP's) are independent of the Coulomb renormalization factorfs), because the Coulomb renormalization factors are independent of the vertex orbital momenta (in lowest order) 134,351, thus they cancel in the TAP's. On the other hand, truncation errors would imply background singularities coming from other Feynman diagrams, e.g., instead of an exchange diagram, a pickup process leading to the same final states. However, they argue that the kinematic factor for the pickup process is very small in the TAP's compared to stripping, thus stripping totally dominates. Nevertheless, they check this dominance with different expansion methods, with and without conformal mapping, and by the use of suppression factors. They conclude that conditions are favorable for the use of the method and that the truncation error is at most -1%. Finally, the branch point character of the exchange singularity which has its source in the Coulomb interaction is more serious. In the cross section, the main second order pole coming from the exchange process is still present, but the interference of the exchange amplitude with any background amplitude leads to an interference term that has a branch point rather than a simple pole. Therefore, in a naive extrapolation point of view, analytic continuation of (z -zp)' C(Z) is not possible since the singularity in the interference term is incompletely removed. However, by using their alternative method called the 'asymptotic coefficients method', they argue that they did not find any trace of the branch-point contribution within statistical errors. Then, after consideration of other possible systematic errors, they give the value listed above with what they consider a conservative estimate of the error. Reliable theoretical predictions of q, and qf (D: and D: C) for the trinucleons have progressed significantly over the last ten years, as can be seen in Table 1 below. The objective is to use the best phenon~enological two-nucleon interactions that possess the one-pion-exchange contribution, sometimes supplemented with a three-nucleon interaction, to obtain as complete (or as converged) a three-nucleon wave function as possible. This has been demonstrated to be achieved when all two-body partial waves up to j 5 4 (34 three-body channels) have been included. Then the binding energy is converged to within 10 keV 1361. Such wave functions are then used in integral relations /37,38,13/ to determine the asymptotic normalization constants. The idea underlying the linear fit of qt as a function of the 3~ binding energy is that, if qt (or qf) scales with energy, then fits to these theoretical 'data sets', evaluated at the experimental binding energy, should provide the best theoretical estimate of qt or rf. Of course, that assumes the correctness of the physics in the models. For example, on the basis of an apparent linear correlation of qt and qd, as originally suggested by Ericson and Rosa-Clot 151, Frederico & a1.1501 argue that since qt is sensitive to qd , it is not sufficient to specify the 3~ binding energy to determine qt uniquely. Specifically, they extract on the basis of a wide class of models, with both local and nonlocal separable potentials, qt/qd = - (11) is probably better than a 5% approximation in the case of 3~. 
"Best fit/Experimental binding energy based on scaling of models with energy. b~o n n NN potential, 34 channels, momentum space 1321. 'Reid-Soft-Core NN potential, 5 channels 1301. d~a.sed on least squares fit to tabulated values. eArgonne NN interaction with phenomenological 3N interaction 1461. f~r b a n a NN interaction with phenomenological 3N interaction 1471. g~~~ 1491.
One aspect of the theoretical results for 3~ and "e should be brought out a t this time: signs. As we mentioned in the section on formalism, our q's and D2's have the same sign. Above, you will note that the values of these two quantities for the 3-body nuclei are of opposite sign to that of 'H. For the three-body nuclei, the sign is dependent on the coupling order that one chooses in Eq. (4). Negative signs for q and D2 correspond to taking the deuteron as particle X and the nucleon as particle y. If we simply reverse that convention, we shall end up with q and D2 being positive. In fact, it is this latter convention that has been used in the three-body papers referenced in Table 1 . Nevertheless, a case based on empirical evidence can be made for choosing the convention that leads to the negative values. However, it must be emphasized that once the coupling convention is specified, the three-body dynamics ultimately determines the sign. In other words, the theoretical results not only predict the magnitudes, but also the signs of the results, given a coupling convention. For the nuclei under discussion in this paper, it is only the three-body nuclei where this coupling order is an issue. For all the other cases, since the overall angular momentum is an integer, the coupling order does not enter. ------- We noted above that in the extraction of the deuteron qd these questions concerned Rodning and Knutson. Until these matters are more completely understood, we must settle for a determination of Dz uncertain by at least 20%. In faet, the error may be greater than this owing to the unknown systematic errors that arise in the limitations in completely describing the tensor analyzing powers with existing theory. (To a more limited extent, this may also a ply to the extraction of gd by this method.) Nevertheless, within the coupling scheme adopted, the signs of D: and D: ' have been determined to be negative.
In contrast, qt appears to be more precisely determined, i.e., to within 12% 153-551, as can be seen in Table 2 . In addition, we can see that, within the constraints of using model wave functions to handle an extraction of qt from the transfer reaction results /57/, the AC of TAP's results are consistent with the latest transfer reaction results. However, is b reported to be 30% smaller than qt for the AC of TAP's results, whereas the transfer reaction analyses indicate that qt is comparable to qt. Of course, one strength of the AC of TAP'S results is that gt and 1): are extracted from the same data set by analytic continuation of the TAP'S for the 4~e ( d , 3~e ) 3~ reaction to the proton-exchange pole and neutron-exchange pole (gt). The results quoted involve averages over all incident energies (5 values). Emphasis is placed on careful handling of the polynomial expansions, in particular, the Coulomb singularities, with an aim to minimize any truncation errors in the analytic continuation process (see discussion above for extraction of q d ) Within the context of a model for the 3~e + p + d vertex, the two results from the transfer reactions for are consistent with each other and larger in magnitude than the result from the AC analysis. The latest value, within errors, is completely consistent with the AC result, whereas the earlier value differs by more than one standard deviation. Tables 1 and 2 , we can see that the three latest theoretical values for qt are consistent ~i t h the latest experimental results. In contrast, the work of Friar & c al. 1391 , in which Coulomb effects were treated fully for 9:
By comparing the results given in
113,391, shows that 9: is expected to be only -6.5% smaller in magnitude than qt; whereas, the experimental 9: is determined from the AC method to be 30% smaller in magnitude than qt. On the other hand, within the limitations of the extraction, the transfer reaction results are comparable to the theoretical prediction. Theory and experiment agree upon the direction of the Coulomb effect, but disagree on the magnitude of the effect. One aspect that can be explored theoretically is whether charge symmetry breaking effects in the NN interaction alter significantly the theoretical values for 9:. Currently, theory indicates that qtlqf = 1.07 2z 0.04, whereas the AC method values give qtlrlf = 1.46 iz 0.24 .
Coulomb effects, according to theory, are negligible for z2 because of the compensating effects of F ( K ) and pc < p in Eq.
(11). To the extent that D 2 is a good approximation to D2, we would expect that D: E D: C as well. Besides the indication given above that E2 overestimates D2 by about 5% in magnitude, there is further theoretical indication that it may be as great as 8 or 9% 1421. However, as the reader can see, the experimental data for D2 are not precise enough to distinguish such subtleties. In fact, all theoretical values for D2 , or its approximation through q, are fully consistent with the latest experimental results.
At the end of the theory section directly above, we mentioned that there were empirical arguments for choosing the coupling convention such that the signs of q and D2 for the three-nucleon systems were opposite to that for the deuteron. This evidence comes from comparing the (d,p) and (d:~) TAP's for the two cases. As background, consider a single-nucleon exchange Feynman diagram as given in Fig. 1 . Evaluation of such a diagram corresponds to the plane-wave approximation within the context of distorted-wave theory. Using the momentum-space version of Eq. (4) to construct the upper vertex and a similar, but generalized form for the lower vertex, one can write down the Feynman amplitude 1621 and derive the TAP's. Because the exchanged particle is spin 112, the cross section factors into the contribution from the upper vertex times the contribution from the lower vertex. This also occurs for the cross section with the deuteron polarized. As a consequence, the TAP's (Madison convention) depend only on the ratio of the D-wave momentum-distribution amplitude to the S-wave momentum-distribution amplitude here called
where Sr equals -Sd/2 +Sp for (d,p) and iid -2 SH/3 for ( d , 3~) . I assumed that particle X is the deuteron and y the neutron for (d:~).
This equation is not adequate for explaining the observed TAP's in transfer reactions, but it does make it possible to illustrate the points I wish to make about the signs. Moreover, with some information from the DWBA amplitude, it is possible to modify Eq. (12) such that a aualitative understanding of the TAP's can be had. On the other hand, Eq. (12) is precisely the equation that is used in the AC method 1531.
Let us look a t A in Eq. (12). The key to A is the fl(pr). If we make an expansion of the fI(p,) about p, = 0, then A can be expressed in terms of the DWBA parameter defined in Eq. (10): Such an expansion has a radius of convergence !pr! < p due t o the nearest singularity of the fl(p,) which is a pole a t p, = ip.
In fact, Laurent expansions of the fl(pr) about p, = i p permit us to obtain an expansion for A that has a radius of convergence around this point that is constrained by the nearest branch points of the fr(p,). Specifically, we have With the aid of Eqs. (14) and (15) (12) and (16) can be used to argue from the transfer-reaction data the different signs for q in going from 'H to 3~ and 3~e . Let us see how this occurs.
Some years ago, Knutsen et al. 163, 641 , starting from the full DWBA amplitude for the transfer reaction (d,p), presented a simplified picture of the TAP's that led to Eq. (12) except for two features: 1. The above unit vector in the spherical harmonic is replaced by the unit vector that points to the turning point of the classical Coulomb trajectory; 2. A is evaluated a t p, = i 3@/4, where @ is the wave number for the binding of the neutron a t the target vertex. In their most essential terms, these results come about because the neutron is assumed to be transferred a t the classical turning point and for subCoulomb interactions this is a t a great enough distance that only the asymptotic form of the neutron wave function comes into play. For a (d,p) reaction on 2 0 8~b , it is easy to use the kinematics to show that the spherical harmonic in Eq. (12) behaves similarly whether it has as it argument the unit vector pointing to the turning point of the classical Coulomb trajectory or 6,. In addition, 3P/4 = 0.2268 f m -l for the transition leading to the positive parity, spin 112, state at 2.032
MeV in 2 0 9~b 1651. Meanwhile, for 'H, , u = 0.2316 fm-l. Within this qualitative framework, one can see that the sign of the TAP's is determined by I )~, since the summation term in Ep. (16) essentially vanishes; moreover, we actually attain a rough description of the data.. Extending these arguments to the (d:~) reaction, we have a similar qualitative conclusion. Therefore, the sign of gt is determined from the TAP's given an initial angular-momentum coupling order. What is the nature of the data? An example can he seen in Fig. 2 , the measured TAP's have essentially o~~osite-sieu behavior, indicating that one should work within a framework that indicates this fact. Since the essential parameter controlling the sign of the TAP's is I), it seems appropriate to choose the coupling for 3H+ n + d such that qt has a negative sign, remembering that there is no freedom to choose the sign of qd and that the experimental TAP's lead to qd > 0. Thus, that is the basis for adopting the coupling convention indicated above for 3~-+ n + d. is the most tightly bound few-body system, we might expect differences in representing the short-range behavior of the NN forces to show up in certain observables. In particular, the D; is shown to be extremely sensitive to the short-range behavior of the tensor component of the NN force by using ATMS generated four-body wave functions. Their idea traces back to the original suggestion by Santos and Eir6 1741, but the latter authors were not able t o check it with wave functions derived from realistic NN interactions. With three different NN interactions, RSCVs 1471, AVl4 1461, and the TRS 1491, they find D; = -0.12, -0.21, and -0.27 fm2, respectively. The first thing that we note is that the RSC result is close to that of given for the RSC interaction. However, since binding energy plays a large role in the D-state asymptotic parameters, it is essential to know if their is a correlation. Nevertheless, we should note that they find no corresponding sensitivity to the interaction for D: as can be seen in Table 1 where the value remains fixed for the three interactions at -0.21 fm2.
Though no quantitative information has been extracted for q, by analyticity methods, the first qualitative empirical evidence for a D-state component in the 4~e ground state was obtained by Plattner al. 1761 , who applied a forward-angle dispersion relation (FDR) to elastic scattering. In principle, FDR's can be extrapolated to negative energies to extract asymptotic normalization constants from the residues a t poles corresponding to bound states of the external fragments. For example, this might be thought to be a possibility for elastic d + d scattering, though the 4~e bound state is far removed from the physical scattering energies.
Despite the lack of an experimental determination of q,, progress has been made in showing that D; is nonzero and negative from investigations of (d,a) transfer reactions 177,781. However, there does not exist a consensus on the magnitude to date. transfer reactions where a single nucleon is exchanged, the (d,a) transfer reaction involves the transfer of a pair of nucleons or in the simplest assumption a deuteron. The complications of the exchange of a spin-l object show up already in looking at a simple Feynman diagram like Fig. 1 with the exchanged neutron replaced by a deuteron and the vertices changed appropriately. By carrying out the algebra, it is clear that the cross section does not factorize into a product of the uppervertex quantities with the lower-vertex quantities. One gets interference effects from the S-and D-wave contribution of the cr vertex with those of the target vertex. On the other hand, this complication may lead to large sensitivities to these components. A detailed commentary of these aspects can be found in Refs. /10,11/. Suffice it to say that, currently, theory and experiment agree on the sign of D;, but neither comes to any definite conclusions about its magnitude. For the deuteron, there are four configurations that we shall consider (the z-axis is assumed to be the quantization axis): nucleon spins aligned along the z-axis with p either parallel or perpendicular to the z-axis and opposing nucleon spins (proton spin parallel to z-axis) with p either parallel or perpendicular to the z-axis. For these four configurations, respectively, we find that Eq. (4) gives for large p the following: (1 + qd/@), (1 -qd/2@)12)r (1 -*vd)/@, and (1 + q d / Q / @ , where I have dropped all common factors. For qd > 0, the first configuration has the greatest probability amplitude. This implies elongation along the spin quantization axis consistent with the prolate shape expected on the basis of Qd > 0. It should be noted that I considered all possible different spin projections. For example, nucleon spins antialigned along the z-axis leads to nothing new. Also, it is interesting to observe that for these four configurations, the tensor operator S12 has the values + 2, -1, -2, and + 1, respectively 1791, indicating that the coupling of the d-wave component t o the S-wave component in the deuteron is strongest, i.e., most attractive, for the first configuration, consistent, again with Qd > 0.
Proceeding onto 3~ and 3~e , there are again four different asymptotic configurations to consider. Within the adopted convention that particle X is the deuteron and y is the nucleon, they are as follows: md = 1, m~ = -112 with p either parallel or perpendicular to the z-axis and md = 0, m~ = 112 with p either parallel or perpendicular t o the z-axis. For these configurations, in order, we get from Eq. (4) asymptotically the following:
)/@, (1 -@q,)/@, and ( l + qt/@)/@. Now we know from the empirical and theoretical results above that qt < 0. Therefore, the second configuration has the greatest probability amplitude. Combined with the amplitude for the first configuration (which is destructive between the S-wave contribution and the D-wave contribution), I conclude that 3~ is flattened in the z direction and stretched in the X-y directions, i.e., 3~ has an & l & shape. Similarly for 3~e . Between the spectator nucleon and the unlike nucleon within the deuteron, the tensor operator S1, has the values -2, + 1, + 2, and -1, respectively, for these configurations. It is interesting that the configuration with the largest SI2 does not have the largest asymptotic probability amplitude. However, the largest probability amplitude is associated with a positive S,,, that is, an attractive coupling of the tensor force.
Finally, for 4~e , we have two identical, indistinguishable, deuterons. We have two indistinguishable configurations which have m: = 1, m: = -1 or m: = -1, m: = 1 and a third configuration where m: = m: = 0. We can do one of the indistinguishable amplitudes an remember that its probability will be multiplied by 2. Again, for each case, we take p parallel and perpendicular to the z-axis. The results are, in order, the following:
-(1 -aq,)/@, and -(1 + qa/$)/a. Since experiment tells us that D; < 0, we know that q, < 0 also. Therefore, remembering that the probability of the first two amplitudes must be counted twice, the largest contribution comes from the second amplitude with the first amplitude being destructive in its S-D interference. So, just like 3~ or 3~e , 4~e has an
shape. Again, it should be noted that, between the unlike nucleons across clusters, .Sl2 has the values -2, + 1, + 2.
and -1, respectively.
-MOVING OUT OF THE %-SHELL7 -6~
In principle, D-sate asymptotic normalization constants exist for two asymptotic configurations of 6~i : a d and 3~-3~e . So far, experimental and theoretical efforts have focused solely on the a d configuration.
Theoretical work is so far limited. There has been only one published calculation of qad 1801 and ~g~ 1811 based on a three-body (anp) model of 6~i . Such three-body models, generated from the underlying two-body interactions, aN and np, give a reasonable description of many 6~i properties 1801 and d a scattering 1821. Depending on whether the aN interaction, that component of the a N interaction that makes manifest the Pauli repulsion between the a and the other two nucleons, is represented by a purely repulsive potential or an attractive potential with the forbidden bound state removed, the three-body models predict that qad = 0.00817 or 0.00551, respectively 1801. From these values, one obtains qad = 0.005 f 0.017. Unfortunately, this result does not permit determination of the sign.
On the other hand, the above theoretical predictions fall within the experimental error.
Most recently, there has been an attempt to extract information about qad by an indirect method. Santos & al. 1861, by considering the reaction '~i ( d , a )~H e with polarized deuterons, come to the conclusion that qad is negative and lies in the range -0.015 < qad < -0.010 , based on a DWBA analysis of the low-energy TAP's along with the assumption that qo = -0.2 . In order to reproduce roughly the observed large TAP'S, the 4~e and 6~i D-state components must interfere constructively in the asymptotic region. This implies that they have the same sign. One might take this result as the first direct evidence of the small D-state component in 6~i + cr + d.
-D-STATES AND THE ROLE OF RADIATIVE CAPTURE REACTIONS
Radiative capture reactions with polarized deuterons have produced beautiful empirical evidence for the D-state in 3~e 187-891 and 4~e 190-921, and possibly in the future will do the same for 6~i through 4~e ( d , y ) 6~i 1931. Though the TAP's for '~( d , y )~H e and '~( d , y )~H e indicate directly that the D-state* of 3~e and 4~e are primarily responsible for their nature, extracting quantitative information on the asymptotic observables, q or D2, is difficult. This is the case because it is essential to understand the reaction mechanism, i.e., which electromagnetic multipoles are coming into play, and it is necessary to understand how important it is to treat the initial-state rescattering exactly, i.e., with full three-or four-body dynamics. Except for one calculation in the case of 3~e 1881, and new work underway for 3~e 1941, all analyses for both 3~e and 4~e have been carried out within the framework of effective two-body dynamics /10,11/. One of the aims of our current work 1941 is to assess the validity of the effective two-body models in interpreting the '~( d , -y )~H e data, especially the TAP's.
The first measurement of Tzo(B) for the '~( d , -y )~H e reaction was obtained a t Ed = 19.8 MeV 1871. At this energy, the reaction is primarily an E l transition, so in the absence of a D-state component in the 3~e wave function, Tzo would be zero. Thus, the observed, definitely nonzero, angular distribution for Tzo is direct evidence for the D-state in 3~e . These data are described reasonably well with an effective twmbody model generated from projections of three-body wave functions onto the Nd space. Furthermore, a value of q f = -0.035 f 0.010 is extracted from the T,, by using asymptotic wave functions (Coulomb neglected), Eq. (5), with an inner cutoff radius of 2.5 fm. Assumption of any reasonable behavior within 2.5 fm, except the asymptotic form, leads to no change in this value. This value is consistent with all the values given in Table 2 .
The Cartesian T A P Ayy(90°) has been measured a t Ed = 29.2 and 45.3 MeV with the results 0.0282 f 0.0016 and 0.0113f 0.0014, respectively 1881. These results were compared to a full three-body Faddeev calcuiation, bound and continuum, with the RSC potential. As expected, it is found that the calculation is dominated by the E l transition. In addition, 89% of the contribution to Ayy is due to capture into the trinucleon D-state component that is constructed from a pair of nucleons in a relative P-wave with the remaining nucleon in a P-wave relative to the pair's center-of mass. This particular component makes up -45% of the total D-state component of the wave function generated. The D-state of the deuteron has only a small effect on Ayy, but initial-state rescattering, relative to a plane-wave treatment, leads to large corrections. The calculated Ay is -20% larger than the data points, indicating, perhaps, that the D-state generated by the RSC interaction is too large. Bur preliminary results 1941, also in an exact Faddeev calculation with only the E l operator, agree that the role of the deuteron D-state is almost negligible. Moreover, in the absence of P-wave interactions, we find that Ayy plotted as a function of energy changes sign just before 45 MeV. Thus, this may be an indication of an important role for P-waves. This is interesting since P-wave contribution to the D-state in 3~e is not present in effective twc-body models. Moreover, Ballot and Eir6 1951 have found this contribution to be only -12% in a hyperspherical calculation that involved an effective p d potential to generate the initial-state rescattering. Clearly, much theoretical work needs to be done to more fully interpret experimental results. There also exist data at higher energy 1891 which require attention as well.
In light of the above discussion concerning 3~e , it comes as no surprise that the theoretical understanding in the case of 4~e is more primitive. NevertheIess, the experimental effort has provided clear empirical evidence for the D-state in 4~e 1901. The reaction 2~( d , y ) 4~e at low energies is dominated by the E2 transition isospin considerations) and, in a simple analysis, I one concludes that the TAP'S vanish without a D-state component in the He ground state (for pure E2). Interestingly, at Ed = 9.7 MeV, T,,(fl) is isotropic within experimental error and has the value -0.22 zk 0.014. Other data now exist /91,92/ that provide considerable challenge to interpretation /10,11/. In addition, the very low-energy regime of relevance in astrophysical applications is of interest since the D-state of 4~e is expected to play a major role, but space limitations precludes my going into any detail ( please see Refs. /10,11/). 7 -SUMMARY Our understanding of the essential ingredients involved in the generation of qd is on solid ground. We should now be in a position to try to generate from this knowledge a theoretical value for qd with accepted error limitations. In addition, we are at a stage where it is worthwhile to invest effort into understanding more deeply the role that subnucleon degrees of freedom may play in determining qd. On the experimental side, conflicting results by two different methods (transfer reactions and AC), each claiming very careful empirical analysis, are available. These need to be reconciled, perhaps by another careful look a t the theoretical underpinnings of each extraction method. The qd result based on the np phase-shift analysis should be qualified with a careful look a t possible systematic errors. Effort in the cases of 3~ and 3~e would now be well spent in trying to obtain as deep an understanding as possible of the relationship of qt and q f to qd 4 the underlying tensor force.
Computationally, we are currently a t the state of the art given an underlying NN plus 3N interaction. Perhaps all that is really needed to understand qt or q f is the three-nucleon binding energy and qd. On the other hand, the apparent relationship between qt and qd is not necessarily exact and may provide us other information about the tensor interaction. Experimentally, the AC method seems to have yielded an interesting picture with regard to possible differences between qt and q f . However, it is necessary to have results of higher accuracy from either the AC method or the transfer reaction method t o really test the theoretical models. Theoretical work should be pursued to determine if such large chargesymmetry-breaking effects can be generated for the q's in the three-body system. In addition, theoretical work should continue in the direction of exact three-body calculations to better understand the very nice data for the TAP'S of radiative capture reactions. Unfortunately, such calculations are extremely difficult in the case of 4~e , but would probably begin to solve most of the computational difficulties being experienced with effective two-body models. Nevertheless, calculation of simply q, from an exact four-body wave function derived from realistic interactions would be valuable. Much effort is needed to pin down an accepted value for either q, or D;, both theoretically and experimentally, but es~ecially experimentally. In the case of 6~i , the field is wide open experimentally, and there is plenty of room for theoretical effort, both in the ad channel and the 3~-3~e channel.
